Wound rotor synchronous motors are being increasingly considered for electric vehicle traction applications. In this regard, the rotary transformer-based field excitation system is considered one of the most viable option for the rotor winding excitation. For such applications, key performance indicators for the rotary transformer-based field excitation system include: maximum speed, power transfer capability, size and weight, manufacturing cost and ease of control. These indicators on the other hand are affected by design choices such as mechanical and magnetic air-gap lengths, use of ferrites in the rotor of the rotary transformer and reactive power compensation. This paper evaluates the performance of the field excitation system based on two different designs of the rotary transformer: a conventional design and a proposed design. Particularly, the effect of various compensation types on the power transfer capability of the two design types is evaluated. It is shown that unlike the conventional design, the proposed design can take advantage of resonant compensation circuits both to enhance its power transfer capability and to ease the control. Taking the same space constraints, winding window areas, and number of turns for the two types of design, the condition necessary for compensation to enhance the performance of the field excitation system is established.
I. INTRODUCTION
There is a target to achieve in the next 6 years for electric vehicles (EVs) to have twice the reliability of the current state of the art (300000 miles), have their traction motors 8 times more power dense, and possess a modular skateboard chassis so that it can be used on different platforms [1] . The vehicles are to achieve all these while reducing cost. A major component of the EVs is the electric motor (EM). A reduction in weight and cost of electric motors and an enhancement of their performance will go a long way in meeting these targets. The challenge of meeting these targets in the design and implementation of electric motors for EVs is accentuated by the risk in supply and price volatility of rare earth permanent magnet (PM) materials [2] . Rare earth PM based EMs would ordinarily have been the easier way. In the face of the stated uncertainties with the rare earth PM materials, other none rare earth based electric motor technologies are gaining increasing attention for EV application. The wound rotor synchronous motor (WRSM) is one of such motor technologies. For acceptability, the WRSM must perform as an equivalent PM motor and must be adapted such that it meets future projections of expected performance. The field excitation of the conventional WRSM involves the use of slip rings and brushes. The slip rings and brushes of the conventional WRSM presents several disadvantages which makes its use in EVs application impractical in view of the set targets. Some of these disadvantages include: (i) high frictional losses across the brush contacts especially at high speed leading to reduced efficiency (ii) high maintenance requirement as a result of friction at the brush contact leading to reduced reliability (iii) cooling problems: most EMs in EVs are oil cooled, the presence of the slip ring -brush arrangement brings about enormous challenge in cooling the EMs (iv) size: an extra compartment have to be built for the slip ring bush arrangement leading to increase in size and lowering the power density. As a way of overcoming the disadvantages of the slip ring brush arrangement for the field excitation of the WRSM, rotary transformers are used for the field excitation system. The rotary transformer is conceptually an inductive wireless power transfer (IWPT) system with onehalf of its circuit free to rotate with respect to the other half [3] . The rotary transformer is contactless and hence eliminates the need for frequent maintenance resulting from wear and tear because of friction. It can operate in harsh environments, can be integrated into the WRSM, and does not require extra torque (to compensate for friction) for its operation. Key performance indicators for the rotary transformer-based field excitation system include: maximum speed, power transfer capability, size and weight (including the power electronic converter), manufacturing cost and ease of control. These indicators are affected by design choices such as mechanical and magnetic air-gap lengths, use of ferrites in the rotor of the rotary transformer and reactive power compensation. This paper evaluates the performance of the field excitation system based on two different designs of the rotary transformer: a conventional design [4] and a proposed design [5] , shown in Fig. 1 . A qualitative description of the two rotary transformer types is given. Furthermore, an analysis of basic compensation types and how they affect the power transfer capability of the two transformer types is provided. Although there are physical differences in the design of the transformers, the field excitation system based on any of the transformer is represented by the circuit of Fig. 2 (a) with the equivalent circuit in Fig. 2(b) . The network block of Fig. 2(a) is replaced by the relevant circuit in Fig. 3 -which shows the various compensation circuits -for the analysis of a given compensation type. In particular, the power transfer capability of the two types of transformer is determined for each applicable compensation circuit. Furthermore, it is shown that if the rotary transformer design must benefit from resonant compensation, certain design condition must be met. This study allows the designer to decide a priory between a design with potentially less volume but limited speed, less reliability more intricate control and a design with potentially less weight, higher speed and power transfer capability, easier control and better reliability although at the cost of an extra passive component. There would be specific applications for which either of the two rotary transformers is most suited. The result of the studies in this paper provides a basis for which that choice can be made.
II. BASIC COMPENSATION CIRCUITS
In this section, a comparative analysis of the various basic compensation circuit is made using the two rotary transformer designs: conventional design and proposed design. The two rotary transformer designs are first described before the performance analysis of the compensation circuits. It is important to note that in both cases, the rotary transformers are designed for a 10kW power. Also, the two designs have the same outer diameter, winding window areas, and number of turns as shown in Fig. 1 . 
A. Conventional Design
The conventional design [4] has the advantage of an overall smaller volume due to a small air-gap (0.5 mm). Although, this reduces the leakage inductance, it limits the speed unless expensive precision manufacturing is used for tight manufacturing tolerance. The rotor material is made of ferrite which is heavy and brittle. The rotor is therefore unable to stand high mechanical centrifugal stresses especially at high speeds (16000 rpm and more). This lowers the reliability of the conventional design. Moreover, core loss occurs in the rotor which is more difficult to cool.
B. Proposed Design
Compared to the conventional design it has a larger airgap (2mm). This however means, tight control of the air-gap tolerance is not required, and the machine can operate at high speed without the risk of rubbing between stator and rotor. It has an interleaved primary and secondary winding which results in 4x reduction in leakage inductance. The rotor is made of light composite non-conductive non-magnetic material which significantly reduces centrifugal forces. The design also has large magnetic air-gap which allows the proposed transformer to benefit from resonant compensation as will be shown in the analysis later. 
C. Comparative Analysis
The basic compensation circuits [6] are shown in Fig. 3 . The primary side refers to the inverter side in Fig. 1 , while the secondary side refers to the rectifier side. It is immediately obvious from the field excitation system shown in Fig. 1 that any configuration that includes a parallel (shunt capacitor) on the primary side violates Kirchoff's voltage law and hence cannot be used. This eliminates (c), (f) and (i). The capacitors and are chosen to resonate with the self-inductances of the primary and secondary coils respectively. Phase shift control [7] is determined to regulate the power transferred to the field winding. For a phase shift angle of = 180 (where is the phase shift angle between the two legs of the inverter), the summary of the characteristics of the compensation circuit for each of the conventional and proposed transformer are given in Table III and Table IV in the Appendix section. The results of Table III and Table IV are obtained using PLECS to simulate the circuit of Fig. 1 . The phase shift angle of = 180 ensures that for any given input DC voltage, maximum power is transferred to the field winding. Hence the minimum voltage required to transfer a desired power of 10kW to the field winding is determined. In Table III , the minimum DC bus voltage to transfer 10 kW to the field winding is 520V for (a) and 671.5V for (b) and (e). The minimum DC voltage to transfer 10 kW to the field winding suggests the power transfer capability of each of the circuits. In Table IV for the proposed transformer, (b) and (e) have the highest power transfer capability requiring less than one-third (146V) of the DC bus voltage of the other configurations (560V). Thus, while compensation greatly enhances the power transfer capability of the proposed transformer, it significantly degrades the power transfer capability of the conventional transformer. Looking at the minimum required voltage for each of the cases in Table III and Table IV , it is important to note that the proposed transformer has a better power transfer capability compared to the conventional transformer in general. The configuration in which only the secondary circuit is compensated (whether series or parallel compensation) shows no particular advantage. Looking at the power factor values, the uncompensated case showed better performance in the conventional transformer compared to the cases with compensation whereas in the proposed transformer the seriesseries compensated case (e) and the series primary only (b) shows a much-improved power factor than the case where there is no compensation. In terms of the peak steady state field voltage, which is a measure of the stress on the field winding, a lower value is desirable. Comparing Table III and  Table IV , the proposed transformer applies less stress to the field winding compared to the conventional design. When the results of Table III and Table IV are considered in terms of all the factors listed on the table, three compensation circuits (a), (b) and (e) show better performances and hence are chosen for further analysis. (a) is chosen since it shows a better performance for the conventional transformer and, in all cases, it applies the least stress to the field winding and has zero additional component count.
The key takeaway from the results of Table III and Table  IV is that while the proposed transformer benefits from certain types of basic resonant compensation, the conventional transformer has not benefited whatsoever from compensation. It is important to also note that -for the proposed rotary transformer -compensation doesn't only enhance the power transfer capability but also improves the dynamic response of the system and eases the control as will be shown. Obviously, the observed trend is a function of the individual design of the transformers. These individual designs will possess application specific advantages. Therefore, it would be important to establish a design boundary between the two types of transformer design such that when a particular design has application specific advantage over the other, the boundary between the one and the other is known and basic design choices can be quickly made.
III. CIRCUIT BASED MODEL
In this section, the steady state mathematical model of the field excitation system shown in Fig.2 is provided. The model is derived by representing the rectifier and field winding arrangement with an equivalent resistance. The field winding inductance is assumed large enough such that at steady state, the current is constant and hence the voltage drop across the field winding inductance is zero. To represent the rectifier field winding combination as an equivalent resistance, the voltage input into the rectifier is assumed to be sinusoidal while the current input into the rectifier is assumed to be a square wave with a peak value which is equal to the field winding current value. The average component of the field winding voltage is used for the determination of the equivalent resistance of the rectifier-field winding combination and the second harmonic component has been neglected.
Hence if,
Hence, = and , = √
Now for a square wave, the RMS fundamental component of the current is given by:
is the peak value of , is the field winding voltage, is the field winding current and is the determined equivalent resistance.
The equivalent circuit is shown in Fig. 2 
The input voltage is obtained using the switching function of the switches as:
Where is the switching function of device and is the switching function of device . Application of (5) results in the form of shown in Fig. 4 where is the phase shift between the two legs of the inverter. The fundamental frequency component of in (5) is given as:
Hence, , = √ sin (7) The equivalent impedance of the circuit in Fig. 2(b) is given by:
And = * (10) Where (10) has been obtained using the current divider rule. The power transferred to the equivalent resistance is given by:
In general, the expressions for , , are given as: In section II, it was observed that while compensation resulted in an enhanced performance for the proposed rotary transformer, it brought about performance degradation for the conventional transformers. Fig.5 and Fig.6 shows this observation graphically. The available DC bus voltage in the laboratory is 200V and so the results of Fig. 5 and Fig. 6 shows the power transfer capability for the conventional and proposed transformer given a 200V DC input voltage. Fig. 5 shows that even at the maximum phase shift angle of 180 the conventional transformer is unable to transfer the desired power of 10kW to the field winding of the machine in all cases. This is expected since from the analysis of section II. It was shown that the uncompensated case of the conventional transformer showed better power transfer capability and even for this case, the minimum input DC voltage required for 10kW output power is 520V. Also evident in Fig. 5 is the fact that compensation degrades the power transfer capability of the conventional transformer. As seen in the figure, the power transfer capability decreases with compensation either on the primary circuit alone or on both primary and secondary circuits.
In Fig 6. , the power transfer capability of the proposed transformer is shown for the available voltage of 200V. As shown on the figure, when the proposed transformer is uncompensated, even an inverter phase shift angle of 180 is not sufficient to transfer 10kW to the field winding. Again, this is because the available voltage of 200V is not up to the required voltage of 580V (Table IV) to transfer 10kW to the field winding when the proposed transformer is uncompensated. However, unlike the conventional transformer, Fig. 6 shows that the proposed transformer can transfer 10kW to the field winding when it is compensated with resonant series capacitor either on the primary circuit alone or on both the primary and secondary circuit. This occurs at an inverter phase angle voltage of 93.6 as seen in Fig. 6 . Moreover, the power transfer capability of the proposed transformer is the same either for the case of series resonant compensation only on the primary circuit or on both primary and secondary circuits. Fig.7 and Fig. 8 show some simulation results for the proposed transformer. In the simulation, the inverter phase angle is fixed at 93.6 obtained from the steady state calculation of Fig. 6 and the simulation results for the secondary variables and field winding variables as well as the output power are shown. Fig. 7 shows the result for the case where only the primary circuit is compensated while Fig. 8 shows result for the case where both the primary and secondary circuit are compensated.
For the input voltage of 200V, only the proposed transformer meets the requirement of transferring 10kW to the field winding. This requirement is met by the proposed transformer both for resonant compensation only on the primary and when there is resonant series compensation on both the primary and the secondary. These two cases show the
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same performance as seen in the coincidence of the plots in Fig. 6 and further confirmed by the results of Fig. 7 and Fig.8 . The profiles of the variables are similar for the conventional transformer; however, the RMS values are different. For completeness, the secondary variables and field winding variables for the uncompensated case of the proposed transformer is shown in Fig. 9 .
IV. CONDITION FOR COMPENSATION TO ENHANCE POWER TRANSFER CAPABILITY OF THE TRANSFORMER
The derivation following establishes the condition for compensation go enhance the performance of the rotary transformer in terms of the rotary transformer parameters.
Let the relationship between the output power for the uncompensated case and the compensated case be given by:
Where is the output power when the system is not compensated and is the output power when it is compensated. For compensation to result in enhancement of the power transfer capability of the transformer, (i) must be minimum (ii) The minimum value of must be less than 1.
Substituting (11) For the case in which only the primary side is compensated, setting = 0 for condition (i) results in:
Showing that for compensation to bring about enhancement in the performance of the system, the system should be operated at the resonance frequency. The condition arrived at in (18) is an established condition, if that is substituted back into the equation of and condition (ii) is imposed i.e. < 1, the condition for compensation to results in enhancement of the system is established in terms of the coupling factor and other system parameters as:
In terms of the self and mutual inductances, the same condition is given as: And in terms of the leakage and mutual inductances, it is given as: does not. Therefore, compensating the conventional rotary transformer actually degrades its performance.
Looking closer at (19), it is seen that as the coupling factor increases, the chance that compensation could lead to improvement diminishes. For an ideal transformer with a coupling factor of = 1 for instance, the numerator is zero and hence compensating an ideal transformer will not enhance its performance in any way. The issues to consider in the design of a rotary transformer for the field excitation of WRSM applied to EVs is thus whether to design the transformer to have a very high coupling, which translates to a very small air-gap and results in limitation of operating speeds, or to deliberately design for a large airgap, thus a lower coupling, to achieve a much higher operating speed and use compensating circuits to obtain the desired power transfer of the excitation system. 
V. 10 KW TEST RESULT
A 10kW design of the proposed transformer was fabricated and tested in the laboratory. The result of the test is presented in this section. The experimental set-up is shown in Fig. 10 . The measurement results and oscilloscope traces of the AC input and DC load variables are shown in Fig. 11 .
Because the test is focused on testing the performance of the transformer, two of such transformers are fabricated and connected in cascade (Fig.10 ). In this way, a stationary resistive load can be used.
As shown in Fig. 11 , the measurement shows that the two rotary transformers can transfer 10kW to the load with a high efficiency and high-power factor. The experimental setup has both primary and secondary series resonant compensation as seen in Fig. 10 .
VI. CONCLUSION
The effect of compensation circuits on rotary transformerbased field excitation system of a wound rotor synchronous machine is investigated in this paper. Two rotary transformers are examined, the conventional rotary transformer and a proposed rotary transformer. The analysis shows that the benefits of resonant compensations depend on the design of the transformer. The condition for which compensating the rotary transformer results in enhanced performance was determined in three different forms applicable to different design considerations. It is seen that as the coupling factor increases, the chance that compensation could lead to improvement diminishes. Therefore, the issues to consider in the design of a rotary transformer for the field excitation of wound rotor traction motors are whether to design the transformer for very high coupling, which translates to a very small air-gap and results in limited operating speeds, or a deliberate choice to design for a large air-gap, thus lower coupling, but achieving a much higher operating speed and use compensating circuits to obtain the desired power transfer. 
